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What we have learned about  
Closed and Open Cells 

•  Closed cells: (mostly) non-precipitating; high cloud fraction, fc

•  Open cells: precipitation and low fc

•  Pockets of open cells form in a closed cell environment
•  Initial thermodynamic state is ~ the same

•  Transition from closed to open cell occurs rapidly (hours)

•  Ship tracks appear to ‘fill-in’ open cells (timescales less clear)



Emergence: system-wide patterns emerge from local 
interactions between elements that make up the 
system 

John	  Holmes	  (Wikipedia)	  

CO	  Geological	  Survey:	  Sand	  Dunes	  

Belousov-‐ZhaboCnsky	  chemical	  oscillator	  
(non	  equilibrium	  thermodynamics)	  

From Microphysics to Emergence 

MODIS



From Microphysics to Emergence 

Microphysical Rules:

Rules of interaction between drops and their environment
Condensation on nuclei

Drop collision-coalescence

Sedimentation and evaporation

Emergence: system-wide patterns emerge 
from local interactions between 
elements that make up the 
system 

+ continuity 
of fluid 
motion

M. Garay



Self-Organizing Cloud States 
Identical initial conditions except for aerosol

Closed Cells
High aerosol
No rain

Open Cells
Low aerosol
Rain

Wang and Feingold (2009)

Satellite images
(M. Garay)



)(3 νχα ThgRa Δ=
ΔT = temperature difference between surfaces
α = thermal expansion coefficient 
g = gravitational acceleration
h = separation between the surfaces
ν = kinematic viscosity
 χ = thermal diffusivity
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Rayleigh-Bénard Convection



Rayleigh-Bénard Convection

“The features of the flow evolution agree with the idea of the flow seeking an
optimal scale”  Getling and Brausch, Phys. Rev. E 2003

Controlled lab experiments
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Feingold,	  Koren,	  Wang,	  Xue,	  Brewer	  	  (2010)	  

Rearrangement of  Open Cells 

Red:	  UpdraGs	  
Blue:	  DowndraGs/precipitaCon	  

Y-‐shaped	  surface	  convergence	  zone	  
is	  region	  favoured	  for	  new	  convecCon	  
	  
PrecipitaCon	  is	  iniCated	  
	  
DowndraGs,	  opening	  of	  cell	  
	  
Surface	  divergence	  
	  

Y-‐convergence	  
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Rearrangement of  Open Cells 

Red:	  UpdraGs	  
Blue:	  DowndraGs/precipitaCon	  

Y-‐shaped	  surface	  convergence	  zone	  
is	  region	  favoured	  for	  new	  convecCon	  
	  
PrecipitaCon	  is	  iniCated	  
	  
DowndraGs,	  opening	  of	  cell	  
	  
Surface	  divergence	  
	  

Divergence	  



LES: Synchronization of rain during
  rearrangement

Feingold, Koren, Wang, Xue, Brewer  (2010)



Synchronization: OscillaCons	  in	  PrecipitaCon	  

Feingold,	  Koren,	  Wang,	  Xue,	  Brewer	  	  (2010)	  

Colored	  contours:	  rain	  

Contours:	  updraG	  

Hovmöller	  diagram	  
	  
Periodic	  shi<	  in	  rain	  	  
“grid”	  



Open Cell Rearrangement vs. Closed Cell ‘Rigidity’  

Koren and Feingold 2013

Open cells
Closed cells
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Oscillations in Large Eddy Simulation of  Aerosol-Cloud-Precipitation 

Koren and Feingold 2011, PNAS

Anticlockwise loops in R; Cloud phase space
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Predator-Prey Model 

Lotka-Volterra Equations
(circa 1926)

x = prey

y = predator 4 parameters:
α, β, γ, δ%

Image courtesy of Wikipedia
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System of  coupled oscillators 

Feingold and Koren, NPG 2013

η = coupling strength
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Coupling term (delay due to 
distance between clouds)

=

System of  coupled cloud ‘metronomes’ 

1012 G. Feingold and I. Koren: Coupled oscillators in the cloud system

the individual clouds are coupled to one another through the
surface convergence (or divergence) flows associated with
growing (or decaying) clouds. The system can therefore be
described as a set of locally coupled oscillators. Earlier stud-
ies of such systems include Sakaguchi et al. (1987) and Bla-
sius et al. (1999).
In Koren and Feingold (2011), parameters of the equa-

tion set were varied over a large range to identify differ-
ent modes of behaviour (i) stable, non-precipitating; (ii) sta-
ble, weakly precipitating; (iii) strongly precipitating clouds
with stable oscillations; and (iv) explosive growth. Because
it is precipitation that drives downdrafts and surface diver-
gence/convergence and therefore the potential mechanism
for coupling, the focus here will be on the strongly precip-
itating state. We will demonstrate that coupling strength has
significant influence on the system. Through a series of ide-
alized one-dimensional tests we explore some of the param-
eters that influence system order. Results are extended to two
dimensions and analogs to natural cloud systems are dis-
cussed.

2 Model description

Koren and Feingold (2011), henceforth KF, presented an
adaptation of the predator–prey equations, applied to a cloud
system, consisting of three equations for cloud depthH , drop
concentration N and rain rate R:
dH
dt

= H0� H

⌧1
� ↵H 2

c1N
, (1)

dN
dt

= N0� N

⌧2
� c2NR (2)

and,

R(t) = ↵H 3(t � T )

N(t � T )
, (3)

where c1 is a temperature-dependent constant, and c2 and
↵ are constants based on theory. H0 is the meteorologi-
cal “carrying-capacity”, i.e. the H that would be reached
within a few timescales (⌧1) in the absence of rain-related
losses. Similarly, N0 is the drop (or aerosol) concentration
“carrying-capacity” that the system would reach in a few ⌧2
in the absence of rain. A full description of the terms, and
their values and units can be found in KF. N and R are as-
sumed to be constant with height, which suffices for the cur-
rent application (see KF). We note that R is diagnosed from
the prognostic variables H and N . The delay function en-
sures that the current R is a function of the conditions at an
earlier time; T represents the time required for cloud wa-
ter to be converted to rainwater by collision and coalescence
between drops (T ⇠ 15� 20min). The approach is similar
to other work that has applied simplified equation sets to
help understand atmospheric systems (Wacker, 2006; Gar-
rett, 2012), and is in the spirit of the pioneering work of
Lorenz (1963).

In the current work, we apply Eqs. (1)–(3) to individual
cloud cells, each evolving through its individual life cycle,
and connected through a coupling term (to be described be-
low). We consider cloud cells on a grid (i, j ) so that H , N ,
and R in Eqs. (1)–(3) are replaced by Hi,j , Ni,j and Ri,j .
Thus we have

dHi,j

dt
=H0,i,j � Hi,j

⌧1
�

↵H 2
i,j

c1Ni,j

+
IX

m6=i

IX

n6=j

⌘m,nḢm,n(t � ⌧c,m,n) (4)

dNi,j

dt
=N0,i,j � Ni,j

⌧2
� c2Ni,jRi,j (5)

and

Ri,j (t) =
↵H 3

i,j (t � T )

Ni,j (t � T )
, (6)

where ⌘i,j is the coupling strength, Ḣi,j the time rate of
change of Hi,j for cloud oscillator i, j , and the time con-
stant ⌧c,i,j is associated with the time it takes for air to move
from an adjacent cell to cell i, j . System coupling is clearly
the product of the ⌘ and Ḣ terms, i.e. changes in H are an
essential part of the coupling.
Manifestation of the interaction between the individual

cloud cells might occur in nature in a number of ways:
(i) a buoyant, growing cloud cell is associated with up-
ward motion and therefore surface convergence of air within
some radius of influence. Similarly a decaying cloud cell that
is discharging rain is associated with downdrafts and sur-
face divergence. Through arguments of mass continuity, con-
vergence or divergence will influence neighbouring clouds;
(ii) individual cloud cells progressing through their life cy-
cles all interact with their environment by redistributing heat
and moisture, and consuming instability (e.g. Nober and
Graf, 2005). The environment thus mediates the growth of
the individual cloud cells. We focus here on the first of these
coupling mechanisms since Nober and Graf (2005) have to
some extent addressed the first within the framework of a pa-
rameterization of atmospheric convection.
The sign of the coupling terms is such that if an adja-

cent cloud (e.g. Hi�1,j or Hi+1,j ) is decaying (Ḣ < 0), it
increases the rate of growth of Hi,j , whereas if an adjacent
cloud is growing (Ḣ > 0), it suppresses the growth of Hi,j ;
thus, the results of practical interest are for ⌘i,j < 0. On a
spatial grid of unspecified dimension, ⌧c,i,j determines the
length scale of the resulting features, provided one has some
information on the velocity of the flow, which in cloud sys-
tems is O(10ms�1) for horizontal flow and O(1ms�1) for
vertical flow. Such specificity seems premature and at this
stage we do not delve into details of spatial scale of features.
The situation is further complicated by the fact that ⌧c,i,j is
expected to decrease as Ḣi,j increases but again we defer

Nonlin. Processes Geophys., 20, 1011–1021, 2013 www.nonlin-processes-geophys.net/20/1011/2013/

ηm,n = coupling strength
Feingold and Koren, NPG 2013

Microphysical delay
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Feingold and Koren, NPG 2013



Feingold and Koren, NPG 2013

Synchronization of 
Coupled Oscillators

Feingold, Koren, Wang, Xue, Brewer  (2010)

Simple Model

Large Eddy Simulation



What about Open à Closed 
Transitions? 

 
 



Cloud Resolving Modeling 
•  System for Atmospheric Modeling (SAM)
•  DYCOMS-II RF02 (Drizzling case)
•  Warm phase, two-moment bulk 

•  Mesoscale structures in large domains (40 km x 40 km)

•  Grid size:  Δx = Δy = 200 m; Δz = 10 m; Δt = 1 sec;  T = 18 h

•  Prescribed variation in the drop concentration
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Results 
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Closed cells soon
after initiation

Open cells: 
raining period

Beginning of 
recovery period: 
formation of 
“anvils”

Further recovery t=18 h
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•  Rapid transition from closed to 
open

•  Slower recovery
•  Asymmetry in recovery is more 

pronounced for stronger rain 
•  Strong rain event associated 

with loss of LWP
•  Rain persists even after N has 

fully recovered

Some Time Series 
domain average fields
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Summary 

•  Cloud Systems often choose one of two states: closed and 
open cells
•  The aerosol can determine the state (via precipitation)

•  Cloud system described as a predator-prey system
•  Closed cells are in approximate steady state
•  Open cells rearrange periodically

•  A system of coupled oscillators demonstrates key 
characteristics produced by LES 

•  The asymmetry in the closed-open-closed transition is 
related to the stabilization caused by the rain


